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CONVECTIVE HEAT-TRANSFER RATES ON A BLUNTED 110° CONE WITH
HEMISPHERICAL AFTERBODY AT HYPERSONIC SPEEDS
David A. Stewart

Ames Research Center

SUMMARY

Heat-transfer rates were measured on a one-sixth scale model of the Ames Planetary
Atmosphere Experimental Test (PAET) configuration which consists of a blunted 55° half-angle
cone with spherical segment nose cap and hemispherical afterbody. The investigation was conducted
in the Ames 42-Inch Shock Tunnel and the Ames Hypersonic Free-Flight Facility at Mach numbers
of 7 and 15, Reynolds numbers of 300,000, 100,000, and 15,500, and angles of attack from 0° to
25°. From existing theories of inviscid flow, which include the bow-wave shape and the large
pressure gradients near the sharp comner, the surface heating-rate distribution is predicted at o= 0°.
High heat-transfer rates occurred near the sharp corner of the PAET model at all angles of attack
because of local pressure gradients. In general, the pattern of forebody heating-rate distribution
with increased angle of attack was higher to windward and lower to leeward. The heating rates on
the hemispherical afterbody did not exceed 20 percent of the reference stagnation value. An
order-of-magnitude increase in Reynolds number influenced heating only near the corner of the
forebody, where local values decreased from 60 to 30 percent as the angle of attack was increased
from a=0° to 10°.

Bow-wave profiles were taken during the heat-transfer tests at angles of attack from 0° to 25°.
An observed inflection in the bow-wave at «=0° and o= 10° is attributed to three-dimensional
effects in the inviscid flow; in the present investigation, this inflection had no discernible effect on
surface heating.

INTRODUCTION

The primary objective of the Ames Planetary Atmosphere Experiments Test Project (PAET) is
to demonstrate, in the earth’s atmosphere, the usefulness of various entry vehicle experiments in
determining the structure and composition of an unknown planetary atmosphere. The PAET
configuration (a 55° half-angle blunted cone with a hemispherical afterbody) and on-board
instrumentation concepts were derived from a number of theoretical and experimental
investigations (refs. 1 through 10). Studies on large-angle conical bodies of this type show that the
inviscid flow over the forebody surface may well be subsonic (refs. 11, 12). Consequently, very
substantial convective heating rates may occur in the region of the sharp corner because of the large
pressure gradients in this area (refs. 13, 14).

During entry into the earth’s atmosphere, maximum heating rates to the PAET vehicle are
expected to occur at an altitude at 52.6 km, a flight velocity of 6.69 kim/s, M_=15, and



a Rep =300,000 (based on vehicle diameter of 0.9 m). To ensure the adequacy of the PAET
afterbody TPS system (ref. 15), a heat-transfer investigation was conducted in two different
facilities: the Ames 42-Inch Shock Tunnel and in the Ames Hypersonic Free-Flight Aerodynamic
Facility. The investigation was performed in air at a Mach number of 7, Reynolds numbers of
100,000, and 300,000 (based on model diameter) and total enthalpy of 1750 J/g in the Ames
Hypersonic Free-Flight Facility and at a Mach number of 15, Reynolds number of 15,500 (based on
model diameter), and total enthalpy of 9,300 J/g in the Ames 42-Inch Shock Tunnel. The results of
this investigation were used as an input in an analytical definition of the structural temperature at
various positions on the PAET afterbody (ref. 16).

FACILITIES

The 42-inch shock tunnel (refs.17-18) uses combustion-heated driver gas to produce a
reflected shock, tailored-interface reservoir of heated air at the end of a shock tube 12.2 m long and
15.75 cm in diameter. For these tests the reservoir pressure and enthalpy were 286 atm and
9300 J/g, respectively. The reservoir gas was expanded through a 20° conical nozzle to generate a
flow in the test region at Mach number 15 and a velocity of 4160 m/s. The corresponding Reynolds
number, based on body diameter, was 15,500. The flow duration for each test was 20 ms.

The Hypersonic Free-Flight Aerodynamic Facility (H.F.F., ref. 19) uses cold helium driver gas
to produce a reflected-shock, tailored-interface reservoir of test gas at the end of a shock tube
25.9 m long and 30.5 cm in diameter. Reservoir pressures were 10.88 and 32.65 atm, both at an
enthalpy of 1750 J/g. The reservoir gas (air) was expanded through a contoured nozzle to a Mach
number of 7 at a velocity of 1873 m/s, in the test section. The corresponding Reynolds numbers for
the two test conditions were 100,000 and 300,000 based on body diameter. The results were
obtained from each of these tests during the first 10 ms of tunnel flow.

MODEL

The one-sixth scale model (fig. 1) is a 55° half-angle cone with a base radius of 7.56 cm,
spherical nose cap, and hemispherical afterbody. A sharp corner exists at the juncture of the nose
cone and the spherical afterbody. The nose-to-body radius ratio is unity. The model was designed to
minimize heat-conduction errors in the region of the corner. The 0.043-cm thick copper forebody
and afterbody were joined with an epoxy cement and secured to three longitudinal braces.
Application of epoxy within 1.25 cm of the thermocouple arrays was carefully avoided. As shown
in figure 1, the main array extended around the model in the pitch plane and consisted of 16
thermocouples. Two additional thermocouples were located on the afterbody surface near the sharp
corner, at 90° from the main thermocouple array. Each thermocouple junction was made by drilling
two small holes 0.051 cm apart in the model wall and soldering a pair of number 40 gage
chromel-constantan wires in these holes. The response time of the junctions is estimated to be less
than 1 ms. This model was used for the tests in both facilities.



INSTRUMENTATION AND DATA REDUCTION

Flow-visualization (self-luminous) pictures and shadowgraphs were taken during the tests to
define the contour of the bow wave. The self-luminous pictures were taken during the tests in the
42-inch shock tunnel, using a high-speed shutter (1/1000 s) to control the exposure of EKTA—S
film. The solenoid-operated shutter was pulsed so that it opened at approximately 5 ms after the
flow started.

Shadowgraphs taken during tests in the H.F.F. facility were obtained with a single-path system
having a spark-gap with a 0.10-cm diameter aperture at the source.

The convective heat-transfer data taken in the 42-inch shock tunnel were obtained by
measuring the rate of increase of model wall temperature during the test time of approximately
20 ms. Thermocouple emf outputs were amplified and recorded on a high-speed oscillograph. The
temperature-time traces were curve-fitted with a seventh-order polynomial to obtain local slopes.
Heat-transfer rates at a given time were determined from the equation

q = pCp7(dT/dt) (1)

with an estimated maximum error of +10 percent. Further details regarding data reduction and
testing techniques are given in reference 18.

The convective heat-transfer rates were obtained in a similar manner for the tests in the H.F.F.
facility. The thermocouple outputs were amplified and recorded on oscilloscopes. The
temperature-time data were reduced by a straight line curve fit to the oscilloscope record. Average
heat-transfer rates for a 10-ms time period were determined using equation (1) above. The estimated
maximum heat-transfer error-band for these data was *20 percent over the model afterbody and
+15 percent over the model forebody.

RESULTS AND DISCUSSION

Body Flow Field

As a requirement in predicting and interpreting the heat-transfer data for the PAET
configuration, the flow field is discussed in some detail, and illustrated by shadowgraphs and flow
visualization pictures taken during the investigation.

Bow wave— At zero angle of attack an inflection (reverse curvature) in the bow wave occurred
in the region of the corner (fig. 2). In the shadowgraphs taken during the tests in the H.F.F. facility,
this inflection is more pronounced over the upper portion of the body, possibly because of a small
model misalinement. At «=10°, the inflection in the bow wave is present only in the flow field
over the upper portion of the body, while at «> 10°, it disappears and the entire bow wave becomes
approximately spherical in shape. Reynolds number and Mach number had little effect on the
observed inflection.



This type of nonuniformity in the bow shock wave has been reported in references 20 to 22.
In particular, Cleary (ref. 21) shows it to be characteristic of three-dimensional expanding flow
downstream of a blunt nose, wherein to satisfy the flow continuity the entropy layer and shock
layer become thinner and the maximum pressure streamline closely approaches the surface. The
effect is accentuated by increasing the inclination of the windward surface and persists into the
regime of locally subsonic flow (ref.22). The same three-dimensional behavior is thought to
account for the observed bow-wave inflection in the present tests.

Inviscid flow— The inviscid flow properties required to predict the surface heating rates for
configurations of this general shape are usually approximated using Newtonian theory. In the
present case, the cone angle of 55° is within a rather unique and narrow range wherein the flow
within the shock layer can be a mixture of subsonic and supersonic flow and Newtonian theory is
not valid. Therefore, in obtaining the flow properties, it was assumed that the bow-wave shape was a
hyperbola and the numerical solution of Garabedian and Lieberstein (ref. 23) was used. This
numerical solution is for a body of infinite length, and the sonic line and surface pressure
distribution will depart from the prediction as the sharp corner of the truncated body is
approached. The portion of the flow over the truncated cone cannot be predicted exactly; however,
an approximate method, suggested by Kaattari (ref. 24), can be used to estimate the inviscid flow
properties near the corner.

At zero angle of attack the bow-wave coordinates from the shadowgraph (fig. 2) for M, =7.0
and Y = 1.4 are compared in figure 3 with the results of a numerical solution (ref. 23) for M., =5.8
and Y = 1.4.! The predicted bow-wave geometry agrees well with the experimental data except in
the inflection region. The resulting forebody contour closely matches the physical shape except for
a small difference near the sharp corner. Included in figure 3 is the sonic line predicted from the
numerical solution; it originates near the inflection of the experimental bow wave and
asymptotically approaches the infinite-body surface. Truncating the conical body, as mentioned
earlier, must modify the infinite-body inviscid flow by forcing the sonic line to terminate at the
sharp corner. The details of this local singular behavior cannot be predicted by the numerical
analysis; however, it follows that a substantial pressure gradient must exist near the corner to force
the surface pressure to the sonic value.

The pressure variation along the forward surface of the model is predicted by joining results
from the numerical solution to a Prandtl-Meyer expansion at the corner using a connecting link,
after the manner described in reference 24. The pressure distribution near the corner can be
approximated by the first four terms of the following Taylor series:

S/S$*= A — B(p/po) + C(p/po)* — D(p/po)’ (2)

The emphasis on obtaining a realistic prediction in the corner region is justified by prior knowledge
that local subsonic expansions of this type can increase local heating rates, and that such increases
were in fact observed in the present experiments. The results are shown in figure 4, where the
composite prediction is compared to the simple Newtonian pressure distribution. The afterbody
flow behind the corner is treated, in steps, as a local two-dimensional expansion.

! The available solution at M_ = 5.8 is sufficiently close to the test Mach number that a direct comparison can
be made for this large-angle blunted cone. The well-known invariance of blunt-body shock layers at M_ > 3 is
demonstrated again in reference 25 for a shape similar to that used here.
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Heat-Transfer Rates

Zero angle of attack— Once the inviscid flow over the PAET configuration has been
determined, one may use the resulting pressure distribution in conjunction with the theory of
Kemp, Rose, and Detra (ref. 26) as modified by Marvin (ref. 13):

1/2
ay,/ dWo ={(p/Po) (W u)i/2 [{,S (0/Pg)(Ue/u)(T)? ds] [(/u.)(dug/ds), 11/ 2[g'(0)/g,(0)]

3)

where g'(0)/go(0) relates implicitly the surface pressure-gradient effect on the heat-transfer rate
distribution. Two solutions are calculated using equation (3) with the pressure distribution
predicted by the composite numerical solution. First, for g'(0)/go(0) = 1.0, the effect of pressure
gradients on the boundary-layer flow over the surface is neglected. Second, g'(o)/gé,(o) is calculated
from a correlation equation based on locally similar boundary-layer solutions.

The theoretical heating rate distributions for = 0° are compared with the experiment in
figure 5. Local heating rates are normalized by the stagnation point heating rate at «=0° and
plotted against the ratio of arc length to nose radius. The data from both shock-tunnel facilities
agree well, except near the sharp corner at S/Rp = 1.112, where the difference in heating rate was
50 percent. Also, at the sharp corner the heating rate was observed to be from 30 to 60 percent
above the value at S/Ry=0.87. On the afterbody the heating rates near the corner are
approximately 10 percent of the stagnation value and fall substantially below this value
downstream.

The theoretical predictions for the blunt forebody agree well with the experimental data at
both Mach numbers and the high heating rate near the sharp corner is reasonably predicted by
equation (3) using g'(o)/ga(o) from a correlation equation for locally similar boundary-layer
solutions. (Note that Lees’ theory for heat-transfer distribution (ref. 27), usually used for this type
of body, would predict essentially the same result as equation (3) with g'(o)/g'o(o) =1.0.)
Equation (3) underpredicts the heating rates uniformly over the afterbody by 40 percent. This
result implies two things about the flow: The local pressures are higher than predicted, and the flow
behind the corner may not be completely separated from the surface. The relative importance of
these two effects can only be resolved by further experiment.

Angle of attack to 25°— Figure 6 shows heat-transfer data on the PAET configuration for
angles of attack of 10°, 15°, 20°, and 25°. Note that S/Rp = 0 is located at the geometric center of
the spherical nose cap, while the windward and leeward direction of flow along the model surface
are referenced to the Newtonian stagnation-point location. Curves have been faired through the data
to aid in the interpretation.

The level of heat-transfer rates on the windward side of the forebody tends to increase with
increasing angle of attack, while at the sharp corner the local maximum persists. The consistent high
heating rate at the sharp comer is attributed to the high local pressure gradient existing in the
subsonic inviscid flow. An anomalous behavior occurs at o= 20°, where the heating rates in the
stagnation region of the model at S/Rp < 0.8 are lower than for either = 15° or 25°. This is
intuitively thought to result from a decrease in local velocity gradients as the flow adjusts to the
presence of the adjacent conical surface. The consistency of the data over the Mach and Reynolds
number range investigated indicates the phenomenon to be real.



On the windward side of the afterbody heating rates near the sharp corner (S/Rp < 1.3)
increased from approximately qw/qw0=0.08 to 0.16 with an increase in angle of attack

from a=10° to a=25°. At surface distances S/Rp = 1.80, rates were less than qw/qwo =0.04

for all angles of attack. Here again there are definite indications of attached flow for a short
distance behind the corner, followed by separation and heating rates invariant with angle of attack.
Because of uncertainty in the higher Reynolds number data, it is not possible to isolate Reynolds
number effects on the afterbody heating.

The heating rates on the leeward side of the conical forebody decrease from qw/qwo =0.58
to qyw/qw, =0.28 as angle of attack increases from a= 10° to 25°, while the “hot corner”
disappears to a > 10°. This behavior, of course, is indicative of supersonic inviscid flow over this
region. On the leeward side of the afterbody, heating rates remained roughly constant at
qw/qwo = 0.05 for all angles of attack between o= 10° and 25°. No attempt was made to predict
the heating rate at angle of attack because of the complexity of the inviscid flow.

CONCLUSIONS

Convective heating-rate distributions were investigated on the Planetary Atmosphere
Experimental Test configuration in the Ames Hypersonic Free-Flight Facility at Mach number 7 for
Reynolds numbers of 300,000 and 100,000 and in the Ames 42-Inch Shock Tunnel at Mach
number 15 with Reynolds number 15,500 using air as the test medium. The shock layer over the
blunted, 55° conical forebody is composed of partly subsonic, partly supersonic flow. At zero angle
of attack the sonic line originates at the bow wave in the vicinity of the sphere-cone intersection,
while at o> 0° the windward flow becomes progressively more subsonic and the leeward
supersonic. An inflection in the bow wave that occurs at « up to 10° is attributed to
three-dimensional effects in the inviscid flow and causes no discernible disturbance in surface

heating.
The following conclusions result from these tests:

1. A region of high heating exists on the forebody near the sharp corner at o =0° and
windward at angles of attack up to 25° because of a substantial local pressure gradient (flow

acceleration) in the subsonic flow.

2. Heatingrate distributions can be predicted over the forebody at « =0°, from existing
theories of inviscid flow, if the bow-wave shape is known and the influence of large pressure
gradients near the sharp comer is included. Conversely, afterbody heating rates cannot be predicted
within a factor of two using a two-dimensional expansion to calculate inviscid flow throughout this

region.

3. The pattern of forebody heating with increasing angle of attack, higher to windward and
lower to leeward, is interrupted at o=20° by an anomalous decrease of 30 percent in the
stagnation region, indicating a reduction in local velocity gradients as the flow adjusts to the
presence of the conical surface.



4. Heating rates on the spherical afterbody did not exceed 20 percent of the reference
stagnation value. Comparison with theory indicates a region of flow attachment behind the body
corner at & = 0° and on the windward side at angles of attack up to 25°.

5. An order-of-magnitude increase in Reynolds number influenced heating only near the
corner on the forebody, where local values were decreased from 60 to 30 percent at = 0° and
10°

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., 94035, May 10, 1971
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Figure 6.— Convective heating rates on PAET model at angle of attack from 10° to 25°.
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